Abstract Densities and speeds of ultrasound in binary mixtures of dibromomethane with heptane have been measured within the temperature range from 288.15 K to 318.15 K. From the experimental data, the thermodynamic excess volume, molar isobaric expansion, molar isentropic compression, and ultrasonic speed were calculated. The excess volume and excess isentropic compression have opposite signs, whereas the excess isobaric expansion is an S-shaped function of the mole fraction. An explanation was suggested to account for the excesses in terms of intermolecular interactions. It involved energetic and steric factors. Moreover, it was shown that the positive excess sound speed results almost entirely from the negative excess compression.
widespread use, there are still gaps in the thermodynamic datasets for haloalkanes and their mixtures. Thus, systematic studies of the single-and multicomponent systems containing dibromoalkanes have been undertaken. For the pure dibromoalkanes, the attention has been focused on the improvement of group contributions for the estimation of heat capacities [6] . Investigations of the 1,5-dibromopentane + heptane and 1,2-dibromoethane + heptane mixtures revealed that the systems were thermodynamically non-ideal [7] [8] [9] . That seems a general feature of the haloalkane + alkane systems. The volume effects of mixing of dihaloalkanes and their homomorphic monohydroxy alcohols with hydrocarbons are positive and close to one another [7, 10, 11] . Moreover, large positive excess enthalpies of the mixtures of hexane with a series of α, ω-dibromoalkanes [12] [13] [14] suggest strong attractions between the molecules in pure liquids. The interactions in the pure substances and in the mixtures result solely from the permanent and instantaneous electric multipoles, since neither dibromoalkanes nor hydrocarbons are capable of specific interactions. Nevertheless, some effects of mixing are spectacular. For example, the W-shaped excess heat capacities for 1,2-dibromoethane + (hexane or heptane) [7] are similar to those of 1,4-dioxane + alkanes [15] , whereas the opposite signs of the excesses of compression and volume [7] are just like those for the mixtures of 1-pentanol with 1-octanol [16] .
This study deals with the system dibromomethane + heptane. Dibromomethane, similar to other dihalogenoalkanes, is unstable, sensitive to light and temperature. That is probably a reason why the thermodynamic studies of dibromoalkanes have been rather scarce. To our knowledge, the speeds of sound and densities for dibromomethane + heptane have not been reported yet. Our experimental results cover the whole concentration range and the temperature interval 288.15 K to 318.15 K. From the experimental data, the excesses of molar volume V E , molar isobaric expansion E E p , molar isentropic compression K E S , and speed of sound u E were calculated. The results were discussed in terms of intermolecular interactions.
Experimental

Chemicals
Heptane (POCH, min. 99 %) was used as supplied by the manufacturer. Dibromomethane (Alfa Aesar, >99 %) was purified before use by fractional distillation. The purities of the liquid samples were checked by the comparison of the measured density and refractive index with literature data (Table 1 ). The agreement is very good for heptane and at least satisfactory for dibromomethane. As was mentioned earlier, dibromomethane is chemically unstable, which accounts for the discrepancies in reported densities and refractive indices. The chemicals were kept in dark glass flasks stored in a desiccator wrapped in aluminum foil.
The mixtures were prepared by mass using an Ohaus AS-200 analytical balance with an accuracy of ±6 × 10 −4 g. Before measurements, every sample was degassed in an ultrasonic cleaner (Unitra Unima UM4). The solutions were used immediately after they were prepared. 
Apparatus
The densities were measured by a vibrating-tube densimeter (Anton Paar DMA 5000) with an uncertainty of 5 × 10 −2 kg · m −3 . The uncertainty was estimated from the results of measurements of the density standards: pure organic liquids and aqueous solutions of salts. Resolution was 1 × 10 −3 kg · m −3 , which made it possible to establish the time of the measurement sufficiently short to prevent dibromomethane from disintegrating. The phase speed of ultrasound at 4 MHz was measured with a pulse-echo-overlap apparatus designed and constructed in our laboratory. The measurement uncertainty was estimated at 0.5 m·s −1 , while the precision was an order of magnitude better [17] .
The refractive indices were measured by an Abbe refractometer RL3 (PZO, Poland) with an uncertainty of 4 × 10 −4 . The temperature of refractometer was stabilized by two water thermostats in a cascade arrangement.
The isobaric heat capacities of dibromomethane and heptane were measured with a scanning microcalorimeter (Setaram DSC III). The uncertainty of the measurements was estimated to be 0.15 %. Details of the applied procedures and the calibration have been described previously [18] .
Results
The experimental densities (ρ) and speeds of sound (u) are reported in Tables 2 and 3 . Their temperature dependencies were approximated by second-order polynomials: Table 3 Speed of sound in dibromomethane (1) + heptane (2) measured by the pulse-echo-overlap apparatus 
, T is the absolute temperature in K, and a i 's are the polynomial coefficients found by the least-squares method and collected in Table 4 . The mean deviations from the regression line were smaller than the measurement uncertainty. Thus, in the further calculations, the speeds and densities obtained from Eq. 1 were used rather than the raw experimental data. That procedure makes it possible to get speeds and densities at any temperature within the interval studied. Similarly as the speed and density, the experimental heat capacities of dibromomethane and heptane in the temperature range from 293.15 K to 313.15 K were almost perfectly approximated by Eq. 1. The regression coefficients for y = C p /(J·mol −1 ·K −1 ) are also given in Table 4 . Since the heat capacities calculated from Eq. 1 are equal to the experimental values within the measurement uncertainty interval, no raw results have been reported.
From the densities given by Eq. 1, the molar volumes were calculated:
where the molar mass M = M 1 x 1 + M 2 x 2 , x is the mole fraction, and subscripts 1 and 2 stand for dibromomethane and heptane, respectively. The molar isobaric expansions,
were calculated by differentiation of Eq. 1:
To obtain the molar isentropic compression, K S ≡ −(∂ V /∂ p) S , the re-arranged Newton-Laplace formula was used:
The above equation combines data obtained from the two experiments. Since the concentrations of the mixtures in the density and speed measurements were not the same, the interpolated values of the molar volumes were used. The interpolation consisted in fitting the Redlich-Kister polynomials to the excess volumes V E in a way described in the following paragraphs. The thermodynamic excesses were calculated from the definition:
where Y denotes V, E p , or K S , and the superscript "id" stands for the ideal mixture.
The ideal values were calculated from the thermodynamically exact formulas, i.e.,
and
for Y = V, K T , E p , and C p ; the asterisk denotes pure substance (dibromomethane or heptane), C p is the molar isobaric heat capacity, and K T ≡ −(∂ V /∂ p) T is the molar isothermal compression. The molar isothermal compressions of the pure substances were obtained from the isentropic ones:
where i = 1 for dibromomethane and i = 2 for heptane. The excesses of molar volume and molar isentropic compression are reported in Electronic Supplementary Material. The excesses of molar volume, isobaric expansion, and isentropic compression were approximated by Redlich-Kister polynomials:
where a i 's are the regression coefficients, calculated by the least-squares method and t-tested to remove the superfluous ones, i.e., those statistically equal to zero. The excesses are plotted in Figs. 1-3 and the a i coefficients are reported in Table 5 . Moreover, the excess speeds of sound were calculated:
Similar to the previous equations, Eq. 10 is thermodynamically correct. It should be stressed that the "excess speed" fundamentally differs from the conventional thermodynamic excesses, because the speed of sound is an intensive property rather than an extensive one, and it has no extensive counterpart. However, in the excess speeds the compressibility and volume effects of the thermodynamic non-ideality are involved. Thus, the excess speed makes it possible to study the influence of those two factors on the speed in a real mixture. The thermodynamic approach to the molecular acoustic problems seems very promising. Recently, partial and apparent speeds of sound in binary mixtures were defined and discussed [19] . 
Fig. 1 Excess molar volumes
Discussion and Conclusions
Excess molar volumes are positive in the whole concentration range (Fig. 1), i.e., the average intermolecular distance in a mixture is longer than that in the corresponding ideal system. That loosened molecular arrangement reflects the changes in the intermolecular interactions caused by substitution of one type of molecules by another. The attraction energy can be estimated from the well-known formula for two interacting molecules [20] :
where r is the intermolecular distance and C is a constant. For the London, Debye, and Keesom interactions, the constants are given by 
348 621 a Calculated from the refractive indices and densities reported in this study b Ref. [45] c Ref. [46] 
where α is the polarizability volume, μ is the permanent dipole moment, I is the ionization energy, ε 0 is the electric permittivity of vacuum, and k is Boltzmann's constant. Superscripts 1 and 2 denote the interacting molecules. In Table 6 , the α , μ, I , and C parameters for dibromomethane and heptane are collected. Although the main share in the attraction forces between the dibromomethane molecules comes from the London interactions (C L /C = 0.75), it is smaller than that deduced from the thermodynamic properties of iodoalkane + alkane mixtures. In the latter, those interactions contribute at least 0.93 of the excess enthalpy value [21] . For the other functions, the contribution is even larger. However, our estimation deals with pure dibromomethane rather than solutions in a non-polar solvent. For the mixtures, the C L /C is obviously greater, because the dipolar molecules are diluted in a non-polar solvent. Moreover, substitution of iodine atom for the less polarizable bromine one undoubtedly increases the dispersion energies. It is evident that the C parameter for dibromoethane is smaller than that for heptane due to the lower polarizability of CH 2 Br 2 . The contributions from permanent dipoles, manifested in C D and C L , are too small to compensate for that difference. However, both the normal boiling temperatures as well as the standard enthalpies of vaporization are nearly the same for the two compounds: T boil = (371.5 ± 0.3) K [22] and vap H o = 36.66 kJ · mol −1 [23] for heptane and T boil = (370 ± 1) K [22] and vap H o = 37.03 kJ · mol −1 [23] for dibromomethane. Thus, an additional factor must contribute to the total attraction forces in dibromomethane. It seems probable that some molecular pattern resembling that of the crystal remains in the liquid phase. In the crystals, the molecules are arranged in such a way that the shortest of the intermolecular contacts is the H· · ·Br one, equal to 3.032 Å to 3.066 Å dependently on Fig. 4 Nearest-neighboring molecules in the crystal of CH 2 Br 2 . Broken lines mark the shortest distances between the molecules. Picture generated using Mercury 2.3 program from the data reported in the Cambridge Structural Database [28] temperature and pressure [24] . Since the electrostatic potential is negative along the ring perpendicular to the C-Br bond and positive at the both ends beyond C and Br atoms [25] , the C-H and C-Br bonds of the nearest-neighboring molecules are nearly perpendicular to one another rather than arranged in a line, while the dipole moments remain parallel (Fig. 4) . In the case of the motionless dipoles, the dipole-dipole interaction energy is proportional to the negative third power of the distance rather than to the negative sixth [20] :
where θ is the angle between the dipole axis and the line connecting the two dipoles. For the same intermolecular distance, the energy given by Eq. 16 is higher than the Keesom energy (Eq. 11 with C = C K ). Moreover, with increasing r, the former decreases much slower than the latter. It seems probable that dilution of dibromomethane by heptane causes that the solvent-separated CH 2 Br 2 molecules rotate more easily than in the pure solute, which results in a decrease in the total attraction energy larger than that resulting just from the increased r. That leads to average molecular distances longer than in the corresponding ideal mixture. Thus, the entropy-driven mixing accounts for the positive excesses of volume and enthalpy. The maximum of the latter equals ca. 1600 J · mol −1 [12] . With elongation of the alkane chain in the dibromoalkane molecule, the maximum excess decreases to ca. 800 J · mol −1 for dibromooctane [14] . The decrease is accompanied by a slight shift of the maximum toward lower concentrations of dibromoalkane, from x 1 = 0.5 to x 1 = 0.4. The volume effect is similar to that observed for the methanol + heptanes system, although smaller as the dipole-dipole interactions are weaker than the hydrogen bonds.
An increase in temperature causes that the excess volume changes as a function of the mixture concentration. It increases at x 1 < 0.7 and slightly decreases at x 1 > 0.7. A similar effect was observed for 1,2-dibromoethane + heptane [7] . Since the change of the excess volume with temperature is equal to the excess isobaric expansion, E E p = (∂ V E /∂ T ) p , the temperature dependencies of V E are characterized by the E E p functions (Fig. 2) positive at x 1 < 0.7 and negative at x 1 > 0.7. That S-shaped excess expansions reflect the sensitivity of the excess entropy on the changes of pressure, because E E p = −(∂ S E /∂ p) T . The excess entropy itself would be positive to compensate the positive excess enthalpy. There seem to be at least two mechanisms that govern the pressure-induced entropy changes. First, the excess entropy may decrease with increasing pressure, (∂ S E /∂ p) T < 0, due to the rotations of molecules gradually obstructed as the intermolecular distance decreases. That would predominate at x 1 < 0.7. At higher concentrations, the molecules of dibromomethane are already blocked in their motions due to close contacts of one with another. Thus, another mechanism should be considered. The rotating rod-shaped heptane molecules may break "clusters" of dibromomethane. Consequently, the excess entropy would be larger at higher pressures than at lower ones, and the
Excess molar adiabatic compressions are negative in the whole concentration range (Fig. 3) , which indicates that mixtures are stiffer than the corresponding ideal ones. The opposite signs of the V E and K E S functions, although uncommon, have already been observed, e.g., for the mixtures of 1-alkanols [16] . As inferred from the positive excess volumes, the intermolecular attraction energies in the mixture seem to be smaller than the averaged energies in its pure components. However, the repulsive interactions are strong enough to cause K E S < 0. Similarly as the positive excess volume, the negative excess compression may result from the easier rotations of molecules due to dilution. The molecules of heptane form straight chains that are parallel one to another in the crystals [26] , whereas they are randomly arranged in the liquid phase [27] . It seems probable that this randomness increases when dibromomethane molecules get between those of heptane. Spherical dibromomethane molecules may bounce between the heptane chains. Consequently, the freely rotating molecules are difficult to bring one close to another, and that stiffens the mixture.
It seemed instructive to study how the two excesses, that of compression and that of volume, contributed to the excess speed of sound given by Eq. 10. To this end, the latter equation was transformed into the following one:
where V E and K E S were calculated from the Redlich-Kister polynomials (Eq. 9). Next, two approximate u E functions were calculated from Eq. 17: the first with K E S = 0 and the second with V E = 0. An illustration is given in Fig. 5 . It is evident that the main contribution to the u E comes from the excess compression. Moreover, the increase in the excess speed caused by the increase in temperature results entirely from the changes in the excess compression. The contribution from the V E is independent of temperature. Thus, the positive excess speed has the same origin as the negative excess compression. It is, however, worthy of notice that the speed of sound itself is a concave function of the mole fraction. Its minimum approximately corresponds to the maximum of the excess speed. That have also been observed for the binary mixtures of heptane with 1,2-dibromoethane [7, 9] and 1,5-dibromopentane [8, 9] . It seems to be a general feature of those systems. The explanation presented above accounts for the excesses of the molar volume, isobaric expansion, and isentropic compression of dibromomethane + heptane. In spite of the lack of specific interactions in the liquids studied, the molecular picture is rather complicated. It involves both the energetic as well as the steric factors. Although the suggested model is speculative, it is at least probable that a many-body approach is necessary even for a qualitative description of the system properties.
